S_ary The characteristics of lung cancers induced by inhaled chromate were studied in 13 consecutive autopsies on male ex-chromate workers. In addition to histopathology, we examined: (1) the relationship between the occurrence of lung cancer and the amount of chromium (Cr) deposited in the lung as determined by atomic absorptiometry and (2) the chronological changes in five precancerous lung lesions followed by bronchoscopy till death. Twenty-one cancers were identified, including 16 
It is now well established that occupational exposure to chromate compounds may cause cancers of the respiratory tract. Cases have been reported in a number of countries, including Germany (Lehmann, 1932; Pfeil, 1935) , the United States (Machle & Gregorius, 1984;  Baetjer, 1950; Mancuso & Hueper, 1951; Hueper, 1966) , Britain (Newman, 1890; Bidstrup, 1951 ), Norway (Langard & Norseth, 1975) and Japan (Ohsaki et al., 1974 (Ohsaki et al., , 1978 Abe et al., 1982; Nakagawa et al., 1984) .
Most of the previous studies were epidemiological, and there are a few papers which have studied the pathology. The available information on the effects of Cr concentration in the lung on carcinogenesis is limited (Baetjer et al., 1959; Hueper, 1966; Tsuneta et al., 1980) . Though chromate workers provide a good model for bronchial carcinogenesis, no detailed observations have been reported of precancerous lesions in the bronchial epithelium. We studied 13 autopsy cases to address these problems.
Materas and methods

Subjects
Since October 1975 we have followed up a population of 84 males employed in a Tokyo factory which produced chromate compounds until August 1975. All of the 84 exworkers had chest radiograph and sputum cytology examinations in a local hospital every 6-12 months. On the detection of abnormal radiological shadows, or atypical cells on sputum cytology, patients were admitted to our hospital. Further tests such as bronchoscopy with biopsy and computerised tomography (CT) (available since 1980) were performed. In subjects with cancer, appropriate therapies including surgical intervention, irradiation and chemotherapy were applied. Wherever possible, autopsy examinations were performed. Patient 8 did not present at hospital until the onset of cancer, while the other 12 patients belonged to the group of 84 ex-workers. Epidemiological studies in these 84 ex-workers have been published elsewhere (Nakagawa et al., 1984) . The present report concerns 13 male autopsies carried out consecutively before June 1993 (Table I) (WHO, 1981) . Dysplasia was divided into three grades (slight, moderate and severe) by the degree of cellular and structural atypia. This grading is similar to that used in cervical dysplasia (WHO, 1975 (Mizuno & Akiba, 1989) . Cumulative exposure was 28.1 pack-years on average (n = 9). Data for the control cases for Cr determination are given in Table  II. Cr concentration in the lung Lung Cr levels are shown in Table I for chromate and Table  II 3.7 to 10.0 (average 6.1 g g-'). For subject no. 10, whose Cr level was extraordinarily high, specimens were taken from three different parts of the lungs and the measurements were repeated, giving similar results. Additionally, the lung tissues of this subject also showed high concentrations of Fe, Ni, Mg, Ni, Co, and Mn, which were uncommon in the other ex-chromate workers.
In relation to smoking, the lowest chromate level was found in a moderate smoker (28 pack-years), and nonsmokers had lower values. In the three controls, the lowest value was in a heavy smoker (50 pack-years). These data suggest that the Cr levels do not depend upon smoking habits.
Sites of systemic tumours As shown in Table III 
Differentiation of metachronous lung twnours
Six cases of metachronous multiple lung tumours were found (nos. 1, 2, 5, 6, 9 and 10) (Tables III and IV) . The tumours were either of a different histological type (nos. 2 and 5), or showed only early submucosal invasion, making metastatic spread unlikely (nos. 1, 5 and 6). In one subject with a 3 cm tumour (no. 9), no lymph node metastasis was seen. The (n = 10) (n = 9) (n = 9) NE, not evaluated. Tables III and  IV. For pulmonary tumour nodules other than those listed in Table III , the possibility that they might be metastatic cannot be ruled out completely and, hence, they were not included in the multiple cancer category. Therefore, the number of multiple cancers is a conservative estimate.
The number of blocks used for histological examination ranged from 45 to 208, depending on the tissue availability (Table III) .
Histological types of chronate lung cancers In the 13 autopsies, nine subjects showed 16 lung tumours. Eleven (69%) were SCC or CIS and three (19%) were SCLC, of intermediate cell type (Table III) . In terms of the SCC differentiation degree, eight were moderately and one was well differentiated. The single well-differentiated SCC was in subject 12, whose Cr level was the lowest associated with lung tumour development and whose number of pack-years was the highest. In Figure 1 the histological types of lung cancer in the ex-chromate workers and the control group are compared. The prevalence of SCC (including CIS) is significantly increased in the former (P <0.005). Few adenocarcinomas were seen. In our series, the percentage of subjects with SCLC was not increased. One subject (no. 1) with a very high Cr concentration developed two SCLCs (see Figure 2) .
All the subjects with lung cancer showed high Cr levels in lung (40- 
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(2) (Ishikawa et al., 1994 It has been suggested that the individual histological types of lung cancer reflect aetiological determinants (Doll et al., 1957; Stayner & Wegmann, 1983; Becher et al., 1993) . In our series, the significant excess of SCC (69%) lasty, we must note that the criteria used for histological typing have differed with time. (Spencer, 1985) . In this respect, studies of lung cancer undertaken in Japan may be more sensitive to the detection of any increase in the central location because the background rate is lower than in European countries and the United States. We therefore concluded that predominance of central tumours is a characteristic of chromate lung cancer. In this context, it is interesting that one subject with AC (no. 8) and one with LCC (no. 11) were observed in the central region, while, often, non-chromate AC and LCC arise at the periphery (Shimosato et al., 1982; Spencer, 1985) .
Pubnonary Cr levels and hng carcinomas at autopsy The lung Cr concentrations in the present series ranged from 8.0 to 468, ignoring the exceptional subject 10 value or 15,800 lg g-' (dry). The results are in line with those previously reported: 3-470 pg g-(dry) by Baetjer et al. (1959) ; 1-100lpgg' (wet) by Hueper (1966) ; and 0.5-132pgg-1 (wet) by Tsuneta et al. (1980) .
The dose-response relationship found in the present study was not apparent in the series of Baetjer et al. (1959) . In their study, the period between the end of exposure and the time when tissue was obtained was only 0-2 years for the five non-cancer cases, while in our 13 subjects it was around 20 years. Tsuneta et al. (1980) reported a significant relationship between Cr levels and the duration of exposure, which we also found in spite of wide scatter (data not shown); however, as evidenced by the present ngs, duration of exposure might not be a reliable quantitative index for degree of Cr exposure. The kind of manufacturing process rather than its duration might also be inportant as well as the actual environmental levels.
'Safe' levels ofpulmonary Cr concentration As there appeared to be a threshold between the Cr concentrations of the subjects with lung tumours (40-15,800 pg g ') and of those without (8-28pgg-1) which was close to the average control value of 6.1lpgg-', it might be prsumed that there exists a 'safe' level of Cr inhalation. However, the present Study is based on only 13 autopses, and many more cases would be required to confirm any concusions rding 'safe' lees. Furthermore, asessment of cancer arising in organs other than the lung is also noess , because Hueper (1966) indicated that Cr concentrations may be generally increased.
Smoking habit
The smoking prevalence of the chromate workers, 62% (or 77% when ex-smokers were included), and the mean dose per day are essentially similar to those of the Japanese general mal population.
For comparison of the effects of smoking on excess risk of lung tumours between two ethnic male populations, i.e. British and Japanese, Mizuno and Akiba (1989) proposed a statistical model for calulation of the lung cancer mortality, referring to the formula for the annual lung cancer incidence in British smokers (Doll & Peto, 1978) . When applying the proposed formula to the smoling status of our subjects, assuming an identity between incidence and mortality, the mortality figures per 100,000 derived from British (Doll & Peto, 1978) and Japanese formulae were found to be 393 and 228 respectively. The 70% higher mortality in British smoking males may reflect to some extent the three times higher incidence of general male lung cancer in Britain than in Japan (Hammar, 1994 (Kreyberg, 1969 ). This appears to be true particulay for subject 12, who was the kast exposed to Cr of the lung tumour patients and was the heaviest smokcer (Table I) (Wakimoto et al., 1982) , although that of squamous metaplasia is 52/81 or 64% (by cell type, 83% in SCC, 84% in SCLC and 43% in AC patients) (Tsuchiya et al., 1987) . As discussed in these reports, the Prvaklc of CIS in the Japanese population are much lower than in the United States (82.5% according to Auerbach et al., 1961; 13% according to Valentine, 1957) The first is possible because multiple specimens were sometimes sampled even from a small lesion. On the other hand, the second explanation means that the possibility of residual unidentified atypical cells requires consideration. It should be noted that macroscopic redn is often seen in association with atypical cells and may indeed be an inflammatory reaction to their presence. If this is the case, the lack of the redness in association with negative biopsy specimens would imply actual disappearance. However, the third possibility must also be taken into account in further, more comprehensive, studies, using a greater number of lesions, to improve our understanding.
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